I
t is said that ''a picture is worth a thousand words,'' a snapshot or an image of a complex reality, but it can never tell the whole story. Likewise, protein crystal structures divulge important molecular features, but a comprehensive understanding requires an arsenal of techniques and expertise from a variety of fields. The interplay between and importance of structural and functional studies are nicely illustrated by recent reports on the membrane-embedded protease rhomboid. For several years, molecular and biochemical findings provided strong evidence that rhomboids were a new type of serine protease with an active site within the boundaries of the lipid bilayer (1) . In the past several months, studies of five crystal structures (2) (3) (4) (5) (6) have confirmed this theory but have offered conflicting ideas regarding substrate access to the active site. In this issue of PNAS, Baker et al. (7) bring us full circle, presenting compelling functional support for one of these hypotheses.
Rhomboids are found in virtually all organisms and were first discovered as proteases in 2001 (8) . Evidence for proteolytic function included conserved serine and histidine residues that were essential for activity in cells, sensitivity to certain serine protease inhibitors, and a cleavage site within the transmembrane (TM) region of the substrate. Bacterial expression and purification (9, 10) further demonstrated that rhomboids work alone, without the need for other protein factors. The recent crystal structures (all of bacterial rhomboid orthologs) have confirmed the six-TM helix topology of the protein (Fig. 1a) and removed any doubt about their specific identity as serine proteases: the key Ser-201 and His-254 residues, located on TM helices 4 and 6, respectively, are indeed adjacent to each other and oriented in essentially the same way as found in classical soluble serine proteases. Two unusual features of the structure include a large loop (L1) between TM1 and TM2 that dips into the membrane, and TM4, which begins with the catalytic serine 10 Å below the membrane surface. The atypical TM4 helps form a water-lined active-site cavity, a feature that may also be true of at least one other membrane-embedded protease, the multicomponent ␥-secretase complex (11, 12) . The rhomboid structures have also generated hypotheses about the location and nature of the oxyanion hole, a pocket that stabilizes the tetrahedral intermediate in the reaction after nucleophilic attack by the catalytic serine. In silico docking of a peptide substrate into the active site (5) suggests that this stabilization is provided by the main-chain amide of the catalytic serine and a histidine side chain from TM2. Other researchers (6) propose that either this histidine or the adjacent Asn-154, also in TM2, contributes to the oxyanion hole. Cocrystallization with a transition-state analog inhibitor may provide more definitive identification of this pocket so critical to catalysis.
Although the crystal structures have clarified fundamental features of rhomboid, especially the overall protein fold and nature of the active site, the question of substrate accessibility has remained controversial. The catalytic Ser-His dyad lies within the interior of the protein, sequestered from the lipid bilayer, while the substrates are type I integral membrane proteins [which include the mitochondrial protein OPA1 in mammals (13) , the growth factor Spitz in Drosophila (8) , and the quorumsensing protein TatA in Providencia stuartii (14) ]. Presumably, lateral gating is necessary for substrate access to the active site, but where on rhomboid does it occur and how does it happen?
Two structure-based hypotheses have been proposed. In the first model (2), substrate enters after L1 swings out of the bilayer, revealing a V-shaped gap between TM1 and TM3. The unusual structure of L1, composed of two short amphipathic helices, suggests that it might play an important functional role. However, this domain is invariant in all rhomboid structures to date. Moreover, substrate entry from this direction does not place the scissile bond on the face of the catalytic dyad. A major conformational change of the protease structural core would be necessary to accommodate this model, one not immediately apparent from the crystal structures or previous functional work on rhomboid.
The second hypothesis (3, 4) is that substrate enters between TM2 and TM5, with the latter helix serving as the gate. Indeed, the position of TM5 varies among the reported crystal structures, and in one (3) appears to provide an opening for direct access to the hydrophilic catalytic center. Loop L5, which connects TM5 to TM6, can also move quite readily: it is disordered in some structures and can be perturbed by soaking with DMSO (6). Finally, several structures contain a lipid molecule bound at the TM2/TM5 interface (4, 5) , and with the anionic phosphate head group interacting with the catalytic residues and putative oxyanion hole (4) (i.e., mimicking the tetrahedral intermediate), suggesting that this region may provide a conduit to the active site.
To test these models for substrate access, Baker et al. (7) generated and measured activity for some 40 rhomboid mutants, changing key residues in loops L1 and L5, in and around the active site, and in TM2 and TM5. The results were remarkably clear: All mutations to L1 disrupted activity, whereas mutations in TM2 and TM5 could cause increases in activity, up to 10-fold above that of wild type. L1 mutants were designed to allow this loop to move from its submerged position in the membrane to open the V-shaped gap to the interior. In particular, hydrophobic residues facing the bilayer were mutated to hydrophilic ones (Fig. 1b) , and key points of interaction between L1 and core helices were mutated as well (Fig. 1c) . Whereas the L1 gating model would predict that such changes might increase proteolytic activity, all of these mutations in L1 instead either decreased activity or abolished it altogether. Likewise, mutations around the active site (Fig. 1d) , designed to increase access of the catalytic dyad to substrate entering from the L1 face, all destroyed activity.
In contrast, mutations in TM2 and TM5 (Fig. 1e) , designed to disrupt interaction between these helices, resulted in increased activity. Swapping helixbreaking residues into TM5 (e.g., L234P) likewise increased activity, consistent with the idea that this helix must tilt away from the protein core to open the gate for substrate access. Conversely, closing this gate decreases activity. Cysteine mutants were designed to allow disulfide bond formation between residues close in space on TM2 and TM5 (e.g., W157C/F232C). These mutants exhibited reduced activity upon oxidation, but activity was partially restored upon chemical reduction of the disulfides back to free thiols. Together, this functional mutagenesis study clearly supports the TM5 gating model.
So what is the function of L1? All mutations in this domain reduced or eliminated activity, and this result combined with the observation that L1 remains invariant among the reported structures suggests that L1 serves as a scaffold. The large and unusual L1 domain is buttressed against the core of the protein, and some of the points of contact are highly conserved. Moving it away would make the interior accessible to lipids through the V-shaped gap, and such interactions, along with the lack of support from L1, might destabilize the core structure. Perhaps this is one means of regulating rhomboids: although L1 is positioned the same way in all of the structures, interaction with a regulator protein in the context of the cell might result in movement and enzyme inactivation. Exquisite control of this protease activity is very important: unlike other membrane-embedded proteins (␥-secretases, signal peptide peptidases, site 2 proteases) that require prior regulated proteolytic events (15) , rhomboids cleave the full-length form of their substrates.
Although these rhomboid studies represent remarkable advances, we still have much to learn about the fundamentals of proteolysis within the lipid bilayer. Structure-function studies of other rhomboid orthologs, particularly those in which the substrate is known (e.g., Drosophila Rhomboid-1) may provide not only further backing of the TM5 gating model but additional insight into substrate specificity. The issue of specificity is especially important: rhomboids undoubtedly encounter many different TM helices that are potential substrates, so how does the enzyme distinguish among them? Are there functional roles for the diverse N-and C-terminal domains that are found among rhomboid orthologs? In addition, what are the kinetic details of catalysis, and how do they compare with soluble serine proteases? Beyond the basic research interest in intramembrane proteolysis, rhomboids are also emerging as potential drug targets [e.g., for parasitic infections (16) (17) (18) ], underscoring the need for continued synergy between structural and functional studies of rhomboid. 
